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ABSTRACT: We report on the synthesis and self-assembly of 2,15- and
4,13-disubstituted carbo[6]helicenes 1 and 2 bearing 3,4,5-tridodecylox-
ybenzamide groups. The self-assembly of these [6]helicenes is strongly
influenced by the substitution pattern in the helicene core that affects the
mutual orientation of the monomeric units in the aggregated form. Thus,
the 2,15-substituted derivative 1 undergoes an isodesmic supramolecular
polymerization forming globular nanoparticles that maintain circularly
polarized light (CPL) with glum values as high as 2 × 10−2. Unlike
carbo[6]helicene 1, the 4,13-substituted derivative 2 follows a cooperative
mechanism generating helical one-dimensional fibers. As a result of this
helical organization, [6]helicene 2 exhibits a unique modification in its ECD
spectral pattern showing sign inversion at low energy, accompanied by a
sign change of the CPL with glum values of 1.2 × 10−3, thus unveiling an
example of CPL inversion upon supramolecular polymerization. These
helical supramolecular structures with high chiroptical activity, when deposited on conductive surfaces, revealed highly efficient
electron-spin filtering abilities, with electron spin polarizations up to 80% for 1 and 60% for 2, as measured by magnetic conducting
atomic force microscopy.

■ INTRODUCTION

The development of new and enhanced technological
applications in data storage, biological sensing, spintronic
devices, and next-generation displays may benefit from the
incorporation of efficient circularly polarized light (CPL)
emitters1−5 and from excellent electron spin filtering due to the
chirality-induced spin selectivity properties.6 Metal com-
plexes,2 small organic molecules (pyrenes, binaphthyls,
bodipys, etc.),7 and nanographene-based polycyclic aromatic
hydrocarbons,8 decorated with stereogenic elements and
efficient emissive features, are at the forefront of the research
related to the development of new CPL emitters. In this
regard, helicenesortho-fused aromatic compounds adopting
helical chirality9have recently emerged as appealing building
blocks with efficient CPL activity10 and spin filtering
capabilities11 that make them candidates for various spintronic
applications. Beyond small molecules, the decoration or the
coassembly of covalent polymers with CPL-emitting moieties
has recently opened new avenues for the achievement of
functional CPL emitters with a long range order.12 A crucial
aspect for such achievement requires the organized arrange-
ment of the chiral molecules into well-defined supramolecular
aggregates. In this context, supramolecular polymers (SPs)13

constitute an excellent benchmark to investigate the formation

of chiral supramolecular entities.14 Thus, the introduction of
chirality in SPs usually results in the adoption of a
macromolecular secondary helical structure.14,15 This property
yielded new classes of innovative materials with stimuli-
responsive nature.16 Since SPs are very often composed of
achiral flat aromatic coressuch as BTAs,17 PBIs,18 π-
conjugated oligomers,19 or porphyrins20researchers have
developed different strategies to achieve efficient transfer of
asymmetry into the corresponding SP: (i) introducing point
chirality in the side chains of the monomeric units,17−20 (ii)
copolymerizing with nonracemic (Majority Rules, MR)19,21 or
chiral/achiral monomeric mixtures (Sergeants and Soldiers
effect, SaS),17,21 (iii) using chiral additives,22 or (iv) irradiating
with CPL.23 Notably, a challenging strategy to obtain chiral
SPs is based on the polymerization of nonplanar three-
dimensional units and especially those involving axial or helical
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chirality that allows one to distinguish between homo- and
heterochiral aggregation.24,25 Those chiral molecules present a
highly distorted and rather rigid 3D-structure that precludes a
straightforward self-assembly as denoted by the limited
number of reports in the literature dealing with the controlled
self-assembly of these systems in solution. In fact, very few
examples of supramolecular polymers based on helicenes and
stable in solution have been reported to date, among which is
the formation of CPL-active helicene-based aggregates26a,b or
the unique configurational stabilization of a [5]helicene system
thanks to the formation of a chiral SP.26c Very interestingly,
chiral supramolecular polymers have recently proven to display
highly efficient spin filtering16b,27 and were advantageously
utilized for optimizing fundamental processes such as water
splitting.27a It is thus important to examine whether supra-
molecular polymers obtained from helicene building blocks
display efficient spin selectivity and see how they compare with
the reported self-assembled helicene systems.11 Furthermore,
the combination of a helicene based on a supramolecular
system that features both high CPL and high spin filtering
properties was not demonstrated so far and is thus highly
appealing in the context of spin-LED developments.
Herein, we report on the self-assembling features of

configurationally stable 2,15- (compound 1, Figure 1a) and
4,13-bis-ethynyl-carbo[6]helicene (compound 2, Figure 1a)
both in their racemic and enantiopure forms. Compounds 1
and 2 bear two peripheral N-(2-(4-ethynylbenzamido)ethyl)-
3,4,5-tridodecyloxybenzamides to efficiently favor the supra-
molecular interaction of the reported [6]helicenes by the
operation of a fourfold H-bonding array between the amides.
We unveil dissimilar self-assembling and CPL emissive features
for the enantioenriched forms of 1 and 2. Thus, while
[6]helicene 1 forms supramolecular aggregates in a head-to-tail
fashion with no efficient overlap of the helicene backbones
(Figure 1b), [6]helicene 2, displaying a more favorable
situation for the π-stacking interaction between the contorted
helicene cores, forms head-to-head helical, supramolecular
polymers in a cooperative manner (Figure 1c). Bis-ethynyl-
[6]helicenes 1 and 2 exhibit CPL activity generated at the
molecular level and with luminescence dissymmetry factors
depending on the substitution pattern. Notably, the supra-
molecular polymerization of 2 allows one to bias the CPL sign;
it becomes opposite in the aggregated state compared to the
monomeric one (Figure 1c).28 In addition, we demonstrate
very efficient spin filtering for the electrons transmitted
through the supramolecular layer. Hence, these results
represent an example of structure−function control in
supramolecular polymers and pave the way to the development
of stimuli-responsive CPL and spintronic materials.

■ RESULTS AND DISCUSSION

Synthesis and Self-Assembly in Solution: Biasing the
Supramolecular Polymerization Mechanism by the
Substitution Pattern. The target chiral molecules 1 and 2
(Figure 1a) were readily prepared by following a double cross-
coupling Sonogashira reaction between the racemic 2,15- and
4,13-bis-ethynyl-carbo[6]helicene building blocks29 and the
iodo-bis(benzamide) derivative (see the Supporting Informa-
tion (SI)).30 The enantioenriched (P) and (M) enantiomers of
1 and 2 were isolated by the high-performance liquid
chromatography enantiomeric resolution process (see the
Supporting Information for details). Standard spectroscopic
techniques (proton nuclear magnetic resonance (1H NMR),
13C NMR, and Fourier transform infrared (FTIR) spectrosco-
py and high-resolution mass spectrometry−electrospray
ionization mass spectrometry) have been used to corroborate
the chemical structure of the newly described helicenes 1 and 2
(see the Supporting Information).
To unravel the self-assembly ability of [6]helicenes 1 and 2

and the formation of homochiral (conglomerates) or
heterochiral (racemates) aggregates from the racemic mixture
of the (M) and (P) enantiomers, we registered UV−vis spectra
in CHCl3, a good solvent that favors the solvation of the
monomeric species, and in methylcyclohexane (MCH), a bad
solvent that usually provokes the efficient self-assembly of
aromatic scaffolds. In the former solvent, both the racemic
mixture of enantiomers of [6]helicene 1 (1rac) and the
corresponding enantiomers (M)-1 and (P)-1, at total
concentration cT = 10 μM, exhibit an identical absorption
pattern with maxima at λ = 270 and 304 nm (Figure 2a). FTIR
spectra in CHCl3 solution confirm that both 1rac and (P)-1 are
in a molecularly dissolved state, since the stretching N−H and
amide I bands appear at 3454 and 1651 cm−1, characteristic
wavenumber values of free amides (Figure 2b).31 In addition,
another stretching N−H band is observed at 3348 cm−1 that is
ascribed to the formation of an intramolecular, 7-membered H-
bonded pseudocycle (Figures 1a and 2b).31,32

The UV−vis spectra of 1rac and (P)-1 in MCH exhibit an
identical absorption pattern, with maxima at λ = 270 and 299
nm (Figure 2a). These UV−vis spectra display a clear
hypochromic effect but a very weak hypso- or bathochromic
effect in comparison to those UV−vis spectra registered in
CHCl3, thus suggesting a weak π-stacking of the contorted
[6]helicene moiety (Figure 2a). In fact, concentration-
dependent 1H NMR spectra recorded for both 1rac and (M)-
1 in CDCl3 show no appreciable shift of the aromatic
resonances but a clear deshielding of the resonances ascribable
to the amide protons (Figure S3). However, the formation of
intermolecular H-bonding arrays between the amide functional
groups in MCH has been corroborated by using FTIR

Figure 1. (a) Chemical structures of helicene derivatives 1 and 2. Schematic illustration of the (b) head-to-tail self-assembly of 1 and the (c) head-
to-head self-assembly of 2. All the enantioenriched species, both in their monomeric or aggregated states, act as CPL emitters. The sign of the CPL
emission of the aggregated species of helicene 2 is opposite to that registered for the monomeric species.
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spectroscopy in this solvent. Thus, the stretching N−H and
amide I bands appear at 3298 and 1632 cm−1, typical values of
intermolecularly H-bonded amides (Figure 2b).31

The above-mentioned UV−vis spectra, in good agreement
with that previously reported by Würthner and co-workers,25

suggest that 1rac could be arranged as a conglomerate,
constituted by an equal amount of homochiral, self-assembled

(M) and (P) enantiomers. The formation of heterochiral
aggregates (racemates) would afford different UV−vis spectra
for both racemic 1rac and the enantioenriched samples [(M)-1
or (P)-1] due to the different electronic coupling between the
chromophores.25

Identical findings have been obtained for [6]helicene 2.
Thus, the UV−vis spectra of the racemic mixture of
enantiomers of 2 (2rac) and the (M) enantiomer (M)-2 in
CHCl3 show the same absorption pattern with maxima at λ =
280, 325, and 420 nm (Figure 2c). The stretching N−H and
amide I bands, observed at 3453 and 1650 cm−1, confirm that
2rac and (M)-2 in CHCl3 are in the molecularly dissolved state
(Figure 2d). In good analogy to compounds 1, the stretching
band observed at 3347 cm−1, together with the slight upfield
shifts experienced by the amide protons upon heating a diluted
solution of the helicenes in CDCl3 (Figure S7), is diagnostic of
the formation of the metastable, intramolecularly H-bonded
pseudocycle (Figures 2d and 1a).31 The UV−vis spectra of 2rac
and (M)-2 in MCH present an identical absorption pattern
diagnostic of the arrangement as conglomerates of the
enantiomers in the racemic mixture of 2.
The UV−vis spectra of 2rac and (M)-2 in MCH present a

clear hypsochromic effect in comparison to those spectra
recorded in CHCl3, and in addition, a weak but noticeable
bathochromic shift is also detected (Figure 2c). This weak shift
suggests the supramolecular interaction of the π-conjugated
backbone of helicenes 2rac and (M)-2. The π-stacking of the
helicene cores and the operation of H-bonding interactions
between the amide functional groups have also been
corroborated by concentration-dependent 1H NMR experi-
ments. These experiments show that the aromatic resonances

Figure 2. (a,c) UV−vis and (b,d) FTIR spectra of 1rac, (P)-1, 2rac,
and (M)-2 in CHCl3 and MCH (experimental conditions for UV−vis
spectra: 298 K, cT = 10 μM).

Figure 3. ROESY NMR spectra (CDCl3, 300 MHz, cT = 20 mM; 293 K) of (a) (P)-1 and (b) (M)-2. The dotted rectangles depict the
intermolecular through-space coupling signals. The upper part of the panel depicts a schematic illustration of the binding mode experienced by the
reported [6]helicenes upon self-assembly.
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for both 2rac and (M)-2 shift upfield, but the amide protons
deshield upon increasing the concentration (Figure S8).
The spectroscopic studies carried out for 1 and 2 suggest

very dissimilar self-assembling features of these two [6]-
helicenes due to the different substitution pattern. In the case
of 1, ROESY experiments, carried out in concentrated CDCl3
solutions of (P)-1 (cT = 20 mM), show the intermolecular
contacts between the peripheral alkyl chains and most of the
aromatic resonances that can only be justified by considering
an alternate arrangement of the [6]helicene units interacting
by the fourfold H-bonding array between the amide groups
(Figures 1b and 3a).33

Unlike 1, the ROESY experiments carried out on (M)-2 (cT
= 20 mM) highlight the absence of any intermolecular
interaction between the aromatic and aliphatic protons; this
implies the stacking of the [6]helicene units, without an
appreciable rotation angle between these stacked units, and
with the four amides forming the fourfold H-bonding array
(Figures 1c and 3b). Therefore, all the spectroscopic data
(UV−vis, FTIR and 1H NMR) demonstrate that (i) although
bulky, the [6]helicene can efficiently self-assemble, and (ii) the
substitution pattern plays a crucial role in the self-assembling
features. Indeed, while the 2,15-substitution pattern precludes
the efficient interaction of the aromatic moieties but does not
prevent the formation of intermolecular H-bonding inter-
action, the presence of the substituents at the 4 and 13
positions of the [6]helicene backbone favors both the π-
stacking and the H-bonding between the amides. This
substitution pattern plays a crucial role in both the supra-

molecular polymerization mechanism and has also a strong
impact on the final chiroptical properties (vide infra).

Supramolecular Polymerization Mechanism and
Chiroptical and Emissive Properties. To unravel the
supramolecular polymerization mechanism governing the
self-assembly of [6]helicene 1, we have initially performed
variable-temperature (VT) UV−vis experiments by using
MCH as the solvent. Heating up a diluted solution of 1rac in
MCH (cT = 10 μM) results in an absorption pattern
comparable to that observed in CHCl3 (Figures 2a and S4a).
However, plotting the variation of the absorbance versus
temperature yields an incomplete cooling curve that cannot be
fitted to the one-component equilibrium model.34 Therefore, it
is not possible to elucidate whether or not the supramolecular
polymerization of this [6]helicene follows an isodesmic or a
cooperative mechanism (Figure S4b).13 Identical findings have
been achieved by registering VT-UV−vis spectra of enan-
tioenriched (M)-1 (Figure S4c and S4d).
We have investigated the chiroptical properties of both

enantiomers of [6]helicene 1 in CHCl3. (P)-1 and (M)-1
display mirror-image electronic circular dichroism (ECD)
spectra and a pattern with maxima at 420, 375, 315, and 275
nm with zero crossing points at 340, 286, and 263 nm (Figure
4a). The findings obtained in the VT-UV−vis experiments and
the changes observed in the ECD spectra, even if weak, are
sufficient to utilize the solvent denaturation (SD) protocol,
described by Meijer and co-workers,35 allowing one to derive a
complete set of thermodynamic parameters associated with the
supramolecular polymerization of (P)-1. This model recog-

Figure 4. (a) ECD/UV−vis spectra of (P)-1 and (M)-1 in monomeric and aggregated states (CHCl3 and MCH, respectively). (b) CD spectra and
(c) denaturation curve of (P)-1 in MCH/CHCl3 mixtures. The red line in panel (c) depicts the fit to the SD model. (d) AFM image and (e) height
profile of the globular supramolecular aggregates formed from (P)-1 (experimental conditions: HOPG as the surface; cT = 10 μM, and MCH as the
solvent). (f) CPL/PL spectra of (P)-1 and (M)-1 in monomeric and aggregated states (CHCl3 and MCH, respectively) (experimental conditions
for UV−vis, ECD, CPL, and PL spectra: cT = 10 μM and λexc = 365 nm).
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nizes the supramolecular polymerization as a balance between
the effect of mixing a good and a bad solvent that favors the
solvation or the aggregation of the monomeric species,
respectively. To perform this study, solutions of (P)-1 in
MCH, as the bad solvent, and in CHCl3, as the good solvent,
are mixed together keeping constant cT = 10 μM. In this
model, the Gibbs free energy increases upon monomer
addition in a mixture of solvents (ΔG0′), and the Gibbs free
energy in a pure solvent (ΔG0) is linearly correlated with the
volume fraction of good solvent f and the m parameter as
depicted in (eq 1).

Δ ′=Δ +G G mf (1)

Plotting the variation of the degree of aggregation (α) versus
the molar fraction of the good solvent affords a sigmoidal
curve, characteristic of an isodesmic mechanism, that can be
fitted to the SD model to derive the corresponding
thermodynamic parameters (Figure 4b,c and Table 1). As

expected, the degree of cooperativity σ (defined as the quotient
between the elongation, Ke, and the nucleation constants, Kn)
is 1, diagnostic of an isodesmic mechanism and a high Gibbs
energy release comparable to some other self-assembling
systems.24b,26c,35,36 The morphology of the aggregates formed
upon the supramolecular polymerization of (P)-1 and (M)-1
was visualized by atomic force microscopy (AFM) imaging
employing highly oriented pyrolytic graphite (HOPG) as the
surface. The AFM images recorded for the samples deposited
by spin-coating onto HOPG show the formation of isolated
globular aggregates with heights of ∼4 nm (Figures S11, 4d
and 4e).
Taking into account the changes observed in the UV−vis

spectra of 2, we have also investigated the chiroptical features
of the (P) and (M) enantiomers of this [6]helicene. In CHCl3,
the ECD spectral pattern mainly displays three Cotton effects
at 368, 322, and 278 nm and zero crossing points at 349 and
295 nm (Figures 5a and S9). Remarkably, a strong
modification in the ECD pattern is observed in MCH as the
solvent. Indeed, the ECD spectra of both (P)-2 and (M)-2
show (i) the low-energy negative vibronic structure band at
368 nm inverts its sign becoming more intense and vibronically
structured, (ii) the positive middle-energy band at 322 nm
remains with the same sign, and (iii) the monosignate negative
band at 278 nm splits into a bisignate band centered at 289
and 250 nm, with a zero-crossing point at 278 nm (Figures 5a
and S9). Note that the two very weak low-energy ECD bands
at 396 and 416 nm also undergo change in their signs (Figure

Table 1. Thermodynamic Parameters for the
Supramolecular Polymerization of (P)-1 and (M)-2

comp ΔG′a m σ Ke
b Kn

b

(P)-1 −36.1 ± 0.8 49.4 1 2.1 × 106 2.1 × 106

(M)-2 −36.0 ± 0.5 29.5 1.1 × 10−5 2.0 × 106 20.4
aIn kJ/mol. bIn M−1.

Figure 5. (a) ECD/UV−vis spectra of (P)-2 and (M)-2 in monomeric and aggregated states (CHCl3 and MCH, respectively). (b) CD spectra and
(c) denaturation curve of (M)-2 in MCH/CHCl3 mixtures. The red line in panel (c) depicts the fit to the SD model. (d,e) AFM images of the
helical fibers formed upon the supramolecular polymerization of (M)-2 (experimental conditions: HOPG as the surface; cT = 10 μM, and MCH as
the solvent). (f) CPL/PL spectra of (P)-2 and (M)-2 in monomeric and aggregated states (CHCl3 and MCH, respectively) (experimental
conditions for UV−vis, ECD, CPL, and PL spectra: cT = 10 μM and λexc = 365 nm; the dashed arrows in (f) depict the changes in the PL and CPL
spectra).
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5a). The modifications observed in the ECD spectra of (P)-2
and (M)-2 in MCH in comparison to those detected in CHCl3
could be indicative of an excitonic coupling of the aromatic
units due to the efficient supramolecular polymerization and
allows also the utilization of the SD model to unravel the
supramolecular polymerization mechanism of this 4,13-
substituted helicene. In the case of enantioenriched (M)-2,
plotting the variation of the degree of polymerization α versus
the molar fraction of the good solvent yields a clear
nonsigmoidal curve that implies a cooperative supramolecular
polymerization mechanism (Figure 5b,c). This mechanism
contrasts with the isodesmic mechanism shown by (P)-1.
Fitting the nonsigmoidal curve obtained in the denaturation
experiment performed with (M)-2 yields the thermodynamic
parameters collected in Table 1. (M)-2 presents a similar
Gibbs energy release to (P)-1, but the degree of cooperativity
is higher than that derived for [5]helicenes,26c atropisomers,25

or planar self-assembling units.35,36

To visualize the morphology of the aggregates formed upon
the supramolecular polymerization of the racemic mixture of
(M)-2 and (P)-2, we have registered AFM images of a spin-
coated solution of this mixture onto HOPG. Unlike [6]-
helicenes 1, which form globular nanoparticles (Figure 4d), the
AFM images of [6]helicenes 2 show the presence of well-
defined fibrillar aggregates with helical character (Figure S12).
This helical character is also visualized in the AFM images of
the enantioenriched samples of (M)-2 and (P)-2. The AFM
images of these enantioenriched samples present one-dimen-
sional fibrillar aggregates of several micrometers length and a
typical height of around 2.5 nm (Figures 5d,e and S13 and
S14). Delightfully, a closer inspection of the AFM images of

(M)-2 shows the helical morphology of these fibrillar
aggregates that bundle into thicker fibers. Similar findings
have been visualized for the enantioenriched (P)-2 (Figure
S15).
The emission properties of both enantiomers of the 2,15-

and 4,13-substituted [6]helicenes 1 and 2 were also recorded.
Fluorescence spectra of (P)-1 and (M)-1 in CHCl3 show
classical vibronic structured photoluminescence (PL) pre-
viously reported for [6]helicenes9a,37 with three consecutive
maxima at 430, 455, and 486 nm (λexc = 365 nm, ϕ = 0.35, and
τ = 8.5 ns) that also appear in the corresponding CPL spectra
with a remarkable dissymmetry factordefined as glum = 2(IL
− IR)/(IL + IR), IL and IR being the left- and right-handed
luminescence emissions, respectivelywith maximum glum
values of +2.3/−2.6 × 10−2 (λexc = 365 nm) for (P)-1 and
(M)-1, respectively (Figure 4f). In agreement with the minute
changes observed in the corresponding UV−vis and ECD
spectra (Figures 2a and 4a) of (P)-1 and (M)-1 in MCH and
CHCl3, the PL spectra of these enantioenriched 2,15-
substituted [6]helicenes in MCH show a slight red shift
compared with the CHCl3 solution, with maxima at 436, 462,
and 493 (λexc = 365 nm, ϕ = 0.59, and τ =12.2 ns) also present
in the CPL spectra with maximum glum values of +2.0/−2.3 ×
10−2 (λexc = 365 nm), respectively. For comparison, maximum
absorption dissymmetry factors gabs of 1.6 × 10−2 and 1.1 ×
10−2 in CHCl3 and MCH are observed respectively for (P)-1
at 422 and 427 nm, respectively (see Figure S10a). Overall, the
nonpolarized and polarized absorption and emission character-
istics of 2,15-substituted (P)-1 and (M)-1 in the aggregated
and nonaggregated states are of similar shapes and magnitude,

Figure 6. Spin-dependent transport properties measured with mc-AFM. (a) mc-AFM setup in which the molecules are deposited on a
ferromagnetic substrate and the conduction between the substrate and the AFM tip, through the molecules, is measured for the substrate
magnetized with its north pole up or down relative to the molecular layer. (b) AFM image of the substrate on which the (P)-2 molecules were
deposited. Panels (c) and (d) present the averaged current versus voltage (I−V) curves recorded for (M)-1 and (P)-1 samples, respectively, with
the magnet north pole pointing down (black) or up (red). Panels (e) and (f) presents the averaged I−V curves recorded for (M)-2 and (P)-2
samples.
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with notably strong dissymmetry factors conserved within the
supramolecular assemblies.
Regarding (P)-2 and (M)-2, their fluorescence spectra in

CHCl3 display the classical vibronic structured luminescence
(λexc = 365 nm, ϕ = 0.52, and τ = 7.3 ns) of [6]helicenes37

with three consecutive maxima at 424, 446, and 478 nm
(Figure 5f). In MCH, the fluorescence spectra of (P)-2 and
(M)-2 show a slight red shift, with maxima at 433, 458, and
490 nm (λexc = 365 nm, ϕ = 0.36, and τ = 2.25 ns) (Figure 5f).
Satisfactorily, the CPL response of (P)-2 exhibits a sign
inversion from negative to positive upon aggregation, in full
agreement with the sign inversion of the low-energy ECD-
active bands. The corresponding CPL spectra display max glum
values of −1.1/+1.3 × 10−3 (Figure 5f) in CHCl3, while they
show a small increase and inversion in MCH, i.e., of +1.4/−1.2
× 10−3, for the (P) and (M) enantiomers, respectively. For
comparison, maximum absorption dissymmetry factors gabs of
3.2 × 10−3 and 4 × 10−3 in CHCl3 and MCH were obtained
for (P)-2 at 318 and 324 nm, respectively (see Figure S10b).
To our knowledge, this is the first observation of CPL sign
inversion upon assembly in helicenes.26a,28,38 The sign of these
low-energy ECD active bands in helicene derivatives is known
to be highly substituent-sensitive39 and we now demonstrate
that it is also impacted by the self-assembly, while the inherent
chirality of the helical core is not changed.
In summary, our synthetic strategy appeared efficient to

obtain robust chiral supramolecular assemblies from mono-
mers consisting of a central helical core and strongly
aggregating achiral bisamide substituents. The obtained
supramolecular aggregates appear highly stable both in
solution and on surfaces, with strong and processable
chiroptical activity. Based on these characteristics and
according to the literature on helicenes and on helical
supramolecular assemblies displaying strong spin selectivi-
ty,11,16b,27b it appeared appealing to examine how effective
these helicene-based helical SPs were as spin filters.
Spin Selectivity of Helicene-Based Supramolecular

Assemblies. Another appealing feature of organized helical
molecules is their ability to generate electron spin polarization,
a behavior that is intensively targeted for spintronic
applications.6 Magnetic conducting atomic force micro-
scopy11a,40 (mc-AFM) measurements were thus performed to
investigate the spin selectivity of the electron transport through
a layer of the helicene-based polymer. For this purpose, the
helicene samples were deposited on a gold-coated nickel
substrate (Ni 100 nm and Au 8 nm), which can be magnetized
with the north magnetic pole pointing toward the layer (up) or
away from the layer (down) (Figure 6a), using an external
magnetic field. The nonmagnetic AFM tip was grounded, while
the potential on the Au/Ni surface was varied. Prior to the
current versus voltage (I−V) studies, the morphology of the
samples was analyzed using AFM topography images. Figure
6b presents an image of the surface on which the (P)-2
molecules were deposited. The images for surfaces covered
with the (P)-1 and (M)-1 molecules are shown in the
Supplementary Information (Figure S16). Similar to the case
of HOPG surfaces (vide supra), the figures clearly indicate that
the (P)-1 and (M)-1 samples form globular aggregates, while
the (P)-2 and (M)-2 samples form helical nanofibers.
Figure 6c,d shows the average I−V curves of the (M)-1 and

(P)-1 samples, while Figure 6e,f presents the averaged I−V
curves of the (M)-2 and (P)-2 samples, respectively. The
molecules were deposited on the substrate by drop casting. All

samples show clear dependence of the current on the direction
of the magnetization of the substrate. Each curve is an average
over at least 50 individual measurements (see Figures S17 and
S18 in the Supporting Information). The applied magnetic
field controls the spin selectivity in the case of the M
enantiomers in an opposite manner to that of the P
enantiomer, which advocates the role of chirality in spin-
dependent transport properties. These results are in excellent
agreement with previous reports11a,40 in which the spin
selectivity reverses when the chirality changes. Moreover, a
nonlinear dependence of the current on the voltage curves was
observed and the currents corresponding to each of the spins
start at a different voltage, suggesting the presence of a
different barrier to the injection of the individual spins.
Furthermore, the percentage of spin polarization (SP%) is

calculated11a,40 when SP% =
−
+

I I

I I

( )

( )
up dn

up dn
× 100, where Iup and Idn

represent the current when the north pole of the magnetic field
is directed upward or downward direction, respectively. The
dependences of the spin polarization on the applied voltage are
shown in Figure 7a,b and are 80% ± 5 and 60% ± 5% for (P)-

1 and (M)-1 and (P)-2 and (M)-2 enantiomers, respectively.
The observed values of SP% are high, while the molecules that
form globular aggregates, (P)-1 and (M)-1, show somewhat
higher values than those forming helical wires (P)-2 and (M)-
2. Overall, these values for supramolecular assemblies of
helicenes are found to be much higher than those of self-
assembled monolayers (SP ∼ 6−40%).11 The difference may
result from the higher polarizability of the supramolecular
structures.41,42 Indeed, it is now known that there is correlation
between chiroptical activity and spin polarization.16b,42 Thus,
the stronger chiroptical activity of system 1 over 2 (i.e.,
stronger ECD responses at low energy) may account for its
higher spin filtering effects. Indeed, ECD spectra of helicene
films over the quartz substrate show stronger low-energy
response for (P)-1 and (M)-1 than for (P)-2 and (M)-2 (see
Figure S19a and b). It is important to appreciate that 80 and
60% spin polarization (Figure 7) means ratios of 10:1 and 5:1
between the current with the preferred spin to that of the
unpreferred spin. In other words, when the magnetic field is
up, the M enantiomers selectively let the electron spin pass
through the chiral layer, and vice versa, thus relating the
absolute configuration of the helicene to the spin polarization.
Clearly, the results indicate that the supramolecular structure

Figure 7. Spin polarization percentage (SP%) as a function of applied
bias for (a) (P)-1 and (M)-1 and (b) (P)-2 and (M)-2 samples,

respectively. SP% =
−
+

I I

I I

( )

( )
up dn

up dn
× 100.
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affects the spin polarization and it does not depend solely on
the structure of the monomer.
For establishing the properties of the molecules as spintronic

elements, magnetoresistance measurements were also per-
formed (Figure 8). A crossbar configuration was used for the

magnetoresistance (MR) device that was produced as
described in ref 11a (Figure 8a). Molecules were spin coated
on the top of the bottom electrode. On the top of the polymer
film, an insulating buffer layer of 1.5 nm magnesium oxide
(MgO) was grown by e-beam evaporation followed by Ni and
Au having thicknesses of 40 and 20 nm, respectively, using a
shadow mask with a line width of ∼20 μm (see the
experimental details about the set-up in the Supporting
Information).
The current through the chiral molecules was studied when

the magnetic field was varied. Figure 8b,c shows the MR of
(M)-1 and (M)-2, while the MR values of (P)-1 and (P)-2 are
presented in Figure 8d,e, respectively, measured at different
temperatures with a constant input current of 0.1 mA. The MR

(%) is defined as MR (%) = −R B R
R

( ) (0)
(0)

× 100, where R(B) and

R(0) are the resistances measured at the magnetic field up to 1
T and zero-magnetic field, respectively. Note that here we find
a small value of MR (%) due to the large number of pinholes.
Furthermore, due to this issue, no efficient devices were
obtained for (M)-1−2 and (P)-1−2. However, the signal-to-
noise ratio is excellent and it is evident that the MR curves are
asymmetric with respect to the magnetic field and that the
asymmetry depends on the handedness of the molecules.
These results are consistent with the mc-AFM data (Figure 6).
The value of MR (%) increases with the temperature, which
confirms the increase of spin polarization with the temperature,

probably due to the role of phonon-enhanced spin−orbit
coupling.41,42

■ CONCLUSIONS

In conclusion, we have demonstrated the efficient formation of
supramolecular polymers based on a carbo[6]helicene scaffold,
whose racemic mixture self-assembles as a conglomerate, and
the deep influence of the substituent location in the helical
backbone on the polymerization mechanisms and chiroptical
properties. On the one hand, the 2,15-substituted derivative 1
experiences an isodesmic supramolecular polymerization
mechanism, generating globular nanoparticles that maintain
CPL with glum values as high as 2 × 10−2. On the other hand,
the 4,13-substituted derivative 2 follows a cooperative
supramolecular polymerization mechanism generating helical
one-dimensional fibers. Remarkably, [6]helicenes 2 exhibit a
unique modification in their ECD spectral pattern showing
sign inversion of low-energy bands. In parallel, the CPL
response shows a sign inversion with glum values of 1.2 × 10−3,
representing the first example of a CPL switch upon
supramolecular polymerization. Both molecules, when as-
sembled on a surface, are excellent electron spin filters at
room temperature. This directly results from two main
features: (i) strong ability of these helicene derivatives to
self-assemble onto a (conductive) surface and (ii) strong
chiroptical activity. The spin filtering indicates that the current
of electrons with the preferred spin is more than four times
larger than the current of the electrons with unpreferred spin.
This work highlights the potential of helicenes as appealing
building blocks in the field of CPL-active supramolecular
polymers and spintronics, paving the way to new chiral
materials with enhanced properties and applications, efforts in
that direction being currently ongoing in our laboratories.
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Palmans, A. R. A.; Meijer, E. W. Competition between chiral solvents
and chiral monomers in the helical bias of supramolecular polymers.
Nat. Chem. 2021, 13, 200−207.
(23) (a) Greciano, E. E.; Rodríguez, R.; Maeda, K.; Sánchez, L.
Disclosing Chirality in Consecutive Supramolecular Polymerizations:
Chiral Induction by Light in: N-Annulated Perylenetetracarbox-
amides. Chem. Commun. 2020, 56, 2244−2247. (b) Kim, J.; Lee, J.;
Kim, W. Y.; Kim, H.; Lee, S.; Lee, H. C.; Lee, Y. S.; Seo, M.; Kim, S.
Y. Induction and Control of Supramolecular Chirality by Light in Self-
Assembled Helical Nanostructures. Nat. Commun. 2015, 6, 6959.
(24) (a) Xie, Z.; Stepanenko, V.; Radacki, K.; Würthner, F. Chiral J-
Aggregates of Atropo-Enantiomeric Perylene Bisimides and Their
Self-Sorting Behavior. Chem. − Eur. J. 2012, 18, 7060−7070.
(b) Buendía, J.; Greciano, E. E.; Sánchez, L. Influence of Axial and
Point Chirality in the Chiral Self-Assembly of Twin N-Annulated
Perylenecarboxamides. J. Org. Chem. 2015, 80, 12444−12452.
(25) Wehner, M.; Röhr, M. I. S.; Stepanenko, V.; Würthner, F.
Control of self-assembly pathways toward conglomerate and racemic
supramolecular polymers. Nat. Commun. 2020, 11, 5460−5470.
(26) (a) Phillips, K. E. S.; Katz, T. J.; Jockusch, S.; Lovinger, A. J.;
Turro, N. J. Synthesis and Properties of an Aggregating Heterocyclic
Helicene. J. Am. Chem. Soc. 2001, 123, 11899−11907. (b) Kaseyama,
T.; Furumi, S.; Zhang, X.; Tanaka, K.; Takeuchi, M. Hierarchical
Assembly of a Phthalhydrazide-Functionalized Helicene. Angew.
Chem., Int. Ed. 2011, 50, 3684−3687. (c) Valera, J. S.; Gómez, R.;
Sánchez, L. Supramolecular Polymerization of [5]Helicenes. Con-
sequences of Self-Assembly on Configurational Stability. Org. Lett.
2018, 20, 2020−2023.
(27) (a) Mtangi, W.; Tassinari, F.; Vankayala, K.; Vargas Jentzsch,
A.; Adelizzi, B.; Palmans, A. R. A.; Fontanesi, C.; Meijer, E. W.;
Naaman, R. Control of Electrons’ Spin Eliminates Hydrogen Peroxide
Formation During Water Splitting. J. Am. Chem. Soc. 2017, 139,
2794−2798. (b) Kulkarni, C.; Mondal, A. K.; Das, T. K.; Grinbom,
G.; Tassinari, F.; Mabesoone, M. F. J.; Meijer, E. W.; Naaman, R.
Highly Efficient and Tunable Filtering of Electrons’ Spin by

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.2c00556
J. Am. Chem. Soc. XXXX, XXX, XXX−XXX

J

https://doi.org/10.1039/C2CS35111K
https://doi.org/10.1021/cr200087r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/ejoc.201301045
https://doi.org/10.1002/ejoc.201301045
https://doi.org/10.1039/D0SC06895K
https://doi.org/10.1039/D0SC06895K
https://doi.org/10.1039/D0SC06895K
https://doi.org/10.1021/ja304424t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja304424t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja5069323?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja5069323?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja5069323?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja5069323?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.282.5390.913
https://doi.org/10.1126/science.282.5390.913
https://doi.org/10.1126/science.282.5390.913
https://doi.org/10.1002/adma.201504725
https://doi.org/10.1002/adma.201504725
https://doi.org/10.1021/acs.jpclett.8b00208?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.8b00208?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevB.94.235448
https://doi.org/10.1103/PhysRevB.94.235448
https://doi.org/10.1021/acsnano.7b07390?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.7b07390?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.7b07390?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202011745
https://doi.org/10.1002/anie.202011745
https://doi.org/10.1002/anie.202011745
https://doi.org/10.1021/cr900181u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr900181u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.200701285
https://doi.org/10.1002/anie.200701285
https://doi.org/10.1002/chem.201805577
https://doi.org/10.1002/chem.201805577
https://doi.org/10.1002/advs.202002132
https://doi.org/10.1002/advs.202002132
https://doi.org/10.1021/acs.chemrev.6b00354?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.6b00354?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.6b00354?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202012457
https://doi.org/10.1002/anie.202012457
https://doi.org/10.1021/jacs.1c02983?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c02983?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/agt2.48
https://doi.org/10.1021/acs.accounts.7b00176?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.7b00176?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.7b00176?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.200801454
https://doi.org/10.1002/chem.200801454
https://doi.org/10.1002/chem.200801454
https://doi.org/10.1002/chem.200801454
https://doi.org/10.1021/jacs.1c06125?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c06125?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c06125?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b02045?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b02045?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja210443m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja210443m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-020-17356-5
https://doi.org/10.1038/s41467-020-17356-5
https://doi.org/10.1021/jacs.8b02388?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b02388?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja9080875?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja9080875?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja9080875?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41557-020-00583-0
https://doi.org/10.1038/s41557-020-00583-0
https://doi.org/10.1039/C9CC09687F
https://doi.org/10.1039/C9CC09687F
https://doi.org/10.1039/C9CC09687F
https://doi.org/10.1038/ncomms7959
https://doi.org/10.1038/ncomms7959
https://doi.org/10.1002/chem.201200089
https://doi.org/10.1002/chem.201200089
https://doi.org/10.1002/chem.201200089
https://doi.org/10.1021/acs.joc.5b02309?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.5b02309?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.5b02309?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-020-19189-8
https://doi.org/10.1038/s41467-020-19189-8
https://doi.org/10.1021/ja011706b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja011706b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201007849
https://doi.org/10.1002/anie.201007849
https://doi.org/10.1021/acs.orglett.8b00565?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.8b00565?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b12971?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b12971?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adma.201904965
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c00556?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Supramolecular Chirality of Nanofiber-Based Materials. Adv. Mater.
2020, 32, No. 1904965.
(28) Yen-Pon, E.; Buttard, F.; Frédéric, L.; Thuéry, P.; Taran, F.;
Pieters, G.; Champagne, P. A.; Audisio, D. Heterohelicenes through
1,3-Dipolar Cycloaddition of Sydnones with Arynes: Synthesis,
Origins of Selectivity, and Application to pH-Triggered Chiroptical
Switch with CPL Sign Reversal. JACS Au 2021, 1, 807−818.
(29) Shen, C.; Gan, F.; Zhang, G.; Ding, Y.; Wang, J.; Wang, R.;
Crassous, J.; Qiu, H. Tunable Circularly Polarized Luminescence of
Helicene-Derived Aggregation-Induced Emission Adducts. Mater.
Chem. Front. 2020, 4, 837−844.
(30) Aparicio, F.; García, F.; Sánchez, L. Supramolecular Polymer-
ization of C3-Symmetric Organogelators: Cooperativity, Solvent and
Gelation Relationships. Chem. − Eur. J. 2013, 19, 3239−3248.
(31) (a) Greciano, E. E.; Alsina, S.; Ghosh, G.; Fernández, G.;
Sánchez, L. Alkyl Bridge Length to Bias the Kinetics and Stability of
Consecutive Supramolecular Polymerizations. Small Methods 2020, 4,
No. 1900715. (b) Wehner, M.; Röhr, M. I. S.; Bühler, M.;
Stepanenko, V.; Wagner, W.; Würthner, F. Supramolecular Poly-
morphism in One-Dimensional Self-Assembly by Kinetic Pathway
Control. J. Am. Chem. Soc. 2019, 141, 6092−6107.
(32) Note that since the physical and chemical properties of pure
enantiomers are exactly the same in solution, we performed selected
experiments on one enantiomer only, for both helicenes 1 and 2.
(33) Valera, J. S.; Calbo, J.; Gómez, R.; Ortí, E.; Sánchez, L. Blue-
emitting pyrene-based aggregates. Chem. Commun. 2015, 51, 10142−
10145.
(34) ten Eikelder, H. M. M.; Markvoort, A. J.; de Greef, T. F. A.;
Hilbers, P. A. J. An equilibrium model for chiral amplification in
supramolecular polymers. J. Phys. Chem. B 2012, 116, 5291−5301.
(35) Korevaar, P. A.; Schaefer, C.; De Greef, T. F. A.; Meijer, E. W.
Controlling Chemical Self-Assembly by Solvent-Dependent Dynam-
ics. J. Am. Chem. Soc. 2012, 134, 13482−13491.
(36) García, F.; Korevaar, P. A.; Verlee, A.; Meijer, E. W.; Palmans,
A. R. A.; Sánchez, L. The influence of π-conjugated moieties on the
thermodynamics of cooperatively self-assembling tricarboxamides.
Chem. Commun. 2013, 49, 8674−8676.
(37) Liu, Y.; Cerezo, J.; Mazzeo, G.; Lin, N.; Zhao, X.; Longhi, G.;
Abbate, S.; Santoro, F. Vibronic Coupling Explains the Different
Shape of Electronic Circular Dichroism and of Circularly Polarized
Luminescence Spectra of Hexahelicenes. J. Chem. Theory Comput.
2016, 12, 2799−2819.
(38) (a) Zhang, L.; Wang, H. X.; Li, S.; Liu, M. Supramolecular
Chiroptical Switches. Chem. Soc. Rev. 2020, 49, 9095−9120. (b) Gao,
Y.; Ren, C.; Lin, X.; He, T. The Progress and Perspective of Organic
Molecules With Switchable Circularly Polarized Luminescence. Front.
Chem. 2020, 8, 1−17. (c) Wang, Y.; Jiang, Y.; Zhu, X.; Liu, M.
Significantly Boosted and Inversed Circular Polarized Luminescence
from Photogenerated Radical Anions in Dipeptide Naphthalenedii-
mide Assemblies. J. Phys. Chem. Lett. 2019, 10, 5861−5867.
(39) (a) Nakai, Y.; Mori, T.; Inoue, Y. Circular Dichroism of
(Di)methyl- and Diaza[6]helicenes. A Combined Theoretical and
Experimental Study. J. Phys. Chem. A 2013, 117, 83−93. (b) Tanaka,
H.; Inoue, Y.; Mori, T. Circularly Polarized Luminescence and
Circular Dichroisms in Small Organic Molecules: Correlation
between Excitation and Emission Dissymmetry Factors. ChemPho-
toChem 2018, 2, 386−402.
(40) (a) Mondal, A. K.; Brown, N.; Mishra, S.; Makam, P.; Wing, D.;
Gilead, S.; Wiesenfeld, Y.; Leitus, G.; Shimon, L. J. W.; Carmieli, R.;
Ehre, D.; Kamieniarz, G.; Fransson, J.; Hod, O.; Kronik, L.; Gazit, E.;
Naaman, R. Long-Range Spin-Selective Transport in Chiral Metal−
Organic Crystals with Temperature Activated Magnetization. ACS
Nano 2020, 14, 16624−16633. (b) Mishra, S.; Mondal, A. K.; Pal, S.;
Das, T. K.; Smolinsky, E. Z. B.; Siligardi, G.; Naaman, R. Length-
Dependent Electron Spin Polarization in Oligopeptides and DNA. J.
Phys. Chem. C 2020, 124, 10776−10782.
(41) Fransson, J. Vibrational origin of exchange splitting and chiral-
induced spin selectivity. Phys. Rev. B 2020, 102, No. 235416.

(42) Das, T. K.; Tassinari, F.; Naaman, R.; Fransson, J. The
temperature-dependent chiral-induced spin selectivity effect: Experi-
ments and theory. J. Phys. Chem. C 2022, 126, 3257−3264.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.2c00556
J. Am. Chem. Soc. XXXX, XXX, XXX−XXX

K

https://doi.org/10.1002/adma.201904965
https://doi.org/10.1021/jacsau.1c00084?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacsau.1c00084?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacsau.1c00084?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacsau.1c00084?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C9QM00652D
https://doi.org/10.1039/C9QM00652D
https://doi.org/10.1002/chem.201202584
https://doi.org/10.1002/chem.201202584
https://doi.org/10.1002/chem.201202584
https://doi.org/10.1002/smtd.201900715
https://doi.org/10.1002/smtd.201900715
https://doi.org/10.1021/jacs.9b02046?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b02046?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b02046?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C5CC03616J
https://doi.org/10.1039/C5CC03616J
https://doi.org/10.1021/jp300622m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp300622m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja305512g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja305512g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c3cc43845g
https://doi.org/10.1039/c3cc43845g
https://doi.org/10.1021/acs.jctc.6b00109?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.6b00109?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.6b00109?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0CS00191K
https://doi.org/10.1039/D0CS00191K
https://doi.org/10.3389/fchem.2020.00458
https://doi.org/10.3389/fchem.2020.00458
https://doi.org/10.1021/acs.jpclett.9b02269?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.9b02269?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.9b02269?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp3104084?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp3104084?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp3104084?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cptc.201800015
https://doi.org/10.1002/cptc.201800015
https://doi.org/10.1002/cptc.201800015
https://doi.org/10.1021/acsnano.0c07569?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.0c07569?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.0c02291?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.0c02291?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevB.102.235416
https://doi.org/10.1103/PhysRevB.102.235416
https://doi.org/10.1021/acs.jpcc.1c10550?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.1c10550?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.1c10550?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c00556?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

